The new ray-tracing code TRACK originally developed to fulfill the special requirements of the RIA accelerator systems is a general beam dynamics code. It is currently being used for the design and simulation of future proton and heavy-ion linacs at several Labs. This paper presents a general description of the code TRACK emphasizing its main new features and recent updates.
INTRODUCTION
Detailed design and beam dynamics simulations in the RIA accelerators required the development of a new computer code to track multi-component heavy-ion beams directly from the ECR ion source to the production targets. The code had to include a wide range of electromagnetic elements such as high-voltage accelerating tubes, RF resonators, electrostatic and magnetostatic multipoles with full three-dimensional fields, etc. In addition, the interaction of heavy-ion beams with material media such as strippers has to be included. For careful localization of beam losses the code had to calculate particle trajectories in the close vicinity of the apertures of electromagnetic devices. As a medium-energy SC linac the RIA driver contains a large number of accelerating, focusing and bending elements. Hence beam dynamics becomes quite sensitive to complex sets of errors and misalignments of these elements. The new code should be used for the statistical analysis of beam parameters obtained by tracking large numbers of particles through hundreds of accelerators each with randomly seeded errors. We have started developing the code TRACK [1] due to the lack of any code capable of simulating multiple-charge-state heavy-ion beam dynamics through such a wide range of 3D elements.
There are a number of available codes such as TRANS-PORT [2] , TRACE3D [3] , COSY [4] , GIOS [5] based on matrix formalism for the design and study of beam-optics systems. Some of them include detailed beam space charge calculations. However, none of these codes provide a full description of beam dynamics in all the elements of the RIA driver linac. A specially developed ray-tracing code such as TRACK is necessary for detailed studies of the accelerator and beam transport systems and for finalizing the design. A ray-tracing or particle-tracking code has many advantages over a matrix-based code, among these we mention: (i) The external field can be represented more accurately within the physical aperture of the device. 
GENERAL DESCRIPTION
In the code TRACK, the transport of a charged particle is described by the equation of motion:
where p is the particle momentum and Q is its charge, E = E ext + E int and B = B ext + B int are the sums of external and internal electric and magnetic fields, v is the particle velocity. The structure of the TRACK code and its ideology is close to the RAYTRACE code [6] except that the TRACK code has many additional features and capabilities. Unlike RAYTRACE, TRACK integrates the equations of motion of all tracked particles for a short distance and calculates space charge fields. The fourth order RungeKutta method is used for the integration of particle trajectory through an ion-optics device. TRACK uses the independent variable z for tracking of phase-space coordinates of the particles {x, x'=dx/dz, y, y'=dy/dz, β = v/c, φ}, where v = | v|, φ is the particle phase with respect to the RF field at the given section of the accelerator. As in the code RAYTRACE, when sufficiently small step sizes are used, the accuracy is limited only by the uncertainties in our knowledge of the magnetic and electric fields. The calculation of the space charge fields is performed in the curvilinear coordinate system of the reference particle (RP). Appropriate transformation of space charge forces from the curvilinear coordinate system to the input coordinate system is required. The set of equations used for the step-by-step integration routine is:
where
A is the mass number, m a is the atomic unit mass, 
are evaluated using the method described in [6] . (iv) The fringe field fall-off for dipole and multipole elements is described by a six-parameter Enge function [7] :
where z is the distance along the line which is perpendicular to the effective field boundary, D is the full air-gap of the multipole element. Space charge fields of multi-component ion beams are defined as the result of solving the corresponding Poisson equation. The charge distribution in the mesh-points of the rectangular mesh is defined using the "clouds-in-cell" method. The code calculates both two-dimensional (for DC beams) and three-dimensional (for bunched beams) space charge fields. The three-dimensional Poisson equation is solved with rectangular boundary conditions in the transverse direction and periodic conditions along the direction of beam propagation. The detailed description of the space charge routine can be found in ref. [8] . A special routine has been written for the integration of multi-component DC ion beams through bending magnets.
The code TRACK supports the following electromagnetic elements for acceleration, transport and focusing of multi-component ion beams:
• Any type of RF accelerating resonator with realistic 3D fields.
• Radio Frequency Quadrupoles (RFQ).
• Solenoids with fringing fields.
• Bending magnets with fringing fields.
• Electrostatic and magnetic multipoles (quadrupoles, sextupoles, ... ) with fringing fields.
• Multi-harmonic bunchers.
• Axial-symmetric electrostatic lenses.
• Entrance and exit of a high voltage (HV) deck.
• Accelerating tubes with DC distributed voltage.
• Transverse beam steering elements.
• Stripping foils or films (for RIA, not general yet).
• Horizontal and vertical jaw slits for beam collimation.
• Static ion-optics devices with both electric and magnetic realistic three-dimensional fields.
Three-dimensional interpolation of the electromagnetic fields is performed within the full aperture of ion-optics devices. For most common elements the fields can be described by several methods which makes the code TRACK compatible with many existing beam transport codes. This feature is valuable for the extraction of transfer matrices and the comparison of the simulation results with existing codes.
Prior to the simulation with the code TRACK three main steps have to be performed:
1. The elements of the accelerator system must be defined using first and, if necessary, higher order optimization codes. TRACK can also be used in some cases.
Preparation of field tables. This step requires the use of external codes such as Microwave studio (MWS)
and Electromagnetic studio (EMS) [9] . A special preprocessor code has been written for the transformation of the calculated fields to the rectangular mesh with uniform step which is required for the code TRACK.
3. At the first passage through the accelerator the code TRACK sets phases in the SC resonators according to the user defined values. The optimization of phases using TRACK or other codes is required prior to phase setting.
IMPORTANT FEATURES
Depending on the task, the code TRACK can be compiled for the simulation of up to 10 6 particles on a regular desktop PC. The baseline version of the RIA driver linac [10] contains about 400 RF resonators operating at frequencies from 57.5 MHz to 805 MHz, 90 solenoids, 16 bending magnets and about 100 quadrupoles. The simulation of 10 4 particles on a 3 GHz PC requires about 20 minutes. To study beam halo formation and eventual beam losses the simulation of large number of particles through multiple accelerators with randomly seeded errors is required. For these reasons, the code was parallelized using the Message Passing Interface MPI and run on the new Linux cluster JAZZ at the Laboratory Computing Resource Center of Argonne National Laboratory [11] .
One of the useful features of the code TRACK is the ability to calculate the transverse and the longitudinal acceptance along the accelerator system by simulating large phase space volumes and tracking survived particles. The phase space image of the survived particles at the entrance of a given section of the accelerator forms the corresponding acceptance. An extensive number of beam parameters are calculated after each element and written into an output file. The list of parameters includes beam centroids; rms values and maximum beam sizes in x, y and the phase; three types of normalized emittances in the three phase space planes. These are the rms emittances and the emittances containing p% and 100% of particles, where p is a percentage to specify as input, for example p=99.5. The emittance is calculated as the area of the corresponding ellipse divided by π. The ellipse orientation is defined from the second moments of the particle distribution. The Twiss parameters and the numbers of lost and survived particles are also determined. The output data is usually treated using a scientific software for statistical analysis.
BENCHMARKING
During code development, codes like TRANSPORT, COSY, GIOS and RAYTRACE were used to check TRACK's implementation of the different beam line elements. Benchmarking was essentially done for the end-toend simulation of the RIA driver linac. The lattice consists of one or more ECR ion sources, a LEBT with a MHB and a RFQ serving as an injector to a SC linac. The linac is subdivided into three sections separated by two stripping stations with appropriate magnetic transport systems. The simulation of the low-energy part (from the ion source to the entrance of the SC linac) was compared with both DY-NAMION [12] and PARMTEQ [13] simulations and found to agree reasonably well. For the SC linac, we recently performed detailed comparisons with the code IMPACT [14] . IMPACT has undergone many updates to meet the requirements of the RIA facility. Features such as multiple charge acceleration and beam stripping have been added to the code. An excellent agreement was obtained between TRACK and IMPACT for the different linac sections. These results are reported in this conference [15] .
